Abstract-Gamma-ray spectroscopy using low-temperature microcalorimeter arrays has demonstrated breakthrough energy resolution, establishing an important new technique for the precise characterization of radioactive samples. However, the extraordinary dynamic range of these pixels, spanning tens of electronvolts to hundreds of kiloelectronvolts, places stringent requirements on the calibration accuracy of each pixel. In this report, we describe the design, development, and initial reflectivity-map testing of a new optical pulser intended for the precise determination of energy calibrations of microcalorimeter pixels and pixel arrays. A high-resolution XYZ scanner combined with 3 K optics achieving a 3-μm focused spot permit in situ imaging and precise placement of the energy deposition on the detector. Absolute absorbed power can be calibrated via a precision measurement of detector thermal stand-off.
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I. INTRODUCTION

M
ICROCALORIMETERS for γ-ray spectroscopy have achieved energy resolution up to an order of magnitude better than conventional high-purity germanium (HPGe) detectors [1] - [5] . Because an individual microcalorimeter can provide only a small detector area and a low count rate, microcalorimeter γ-ray spectrometers employ an array of individual microcalorimeter "pixels" to obtain an aggregate count rate and detector area roughly comparable to an HPGe detector. Hoteling et al. pointed out [6] that the move to increasingly large arrays of microcalorimeters increases the difficulty of maintaining the outstanding energy resolution that can be achieved with a single microcalorimeter pixel across an entire array of pixels, due to complex calibration shapes and pixel-topixel variability of the individual superconducting transitionedge-sensor (TES) pixels.
One approach to improving this situation would be to develop microcalorimeter pixels with simpler calibration shapes and reduced pixel-to-pixel variability. Of particular interest in this context is the possibility of using pixels based on magnetic, rather than resistive, thermometry [7] . Our research group is working to develop magnetic microcalorimetry [8] - [11] . The energy resolution performance at 6 keV of a magnetic pixel using a sensor geometry our research group developed [8] has recently been shown by the Heidelberg group to be competitive with TES [12] . Work in magnetic γ-ray pixels has been reported by the Loidl group in collaboration with the Heidelberg group [13] and testing of a prototype magnetic γ-ray pixel was reported recently by the Heidelberg group [12] .
Magnetic microcalorimeters offer potential advantages for array spectrometers because they rely on the measurement of an equilibrium thermodynamic property (magnetization) of a single-phase system, compared to TES devices, which measure a transport property (electrical resistance) in a mixed-phase system (at the superconducting transition). In general, we expect an equilibrium thermodynamic property in a single-phase system to be much less sensitive to impurity levels and fabrication process parameters. Further, the complications introduced by electrothermal feedback to the details of TES calibrations are absent from the magnetic approach. The magnetic approach should thus have both a simple physics-based calibration, as recommended in [6] , and less pixel-to-pixel variability. Additional advantages of the magnetic approach may also result from the ease with which the heat capacity of the sensor can be tuned.
Our group is currently performing research to help determine whether or not the potential advantages of the magnetic pixel are borne out in practice. However, whether the best-performing pixels turn out to be TES or magnetic, or another approach entirely, a measurement system is needed to precisely determine calibration shape and pixel-to-pixel reproducibility of new candidate pixels.
Our approach to this problem is a precision scanning optical pulser. Delivery of well-controlled light pulses into cryostats via fiber optic is routinely performed in quantum optics experiments using cryogenic detectors [14] - [19] , and the impact of black-body IR transmitted down the fiber from room temperature to the cold detector has recently been put on a quantitative footing [20] .
An optical pulser can easily achieve the large required dynamic range and precise control of the delivered light pulse energy. The ability to control and record the timing of delivered pulses and detector responses permits signal averaging for high precision. The use of a cryogenic XYZ scanner permits the use of cold focusing optics, allowing us to achieve a small spot size even with a 6 mm distance between the scanner (on the 3 K stage) and the absorber (on the adiabatic demagnetization refrigerator (ADR) stage). The scanning range in the horizontal X and Y directions is large, 20 mm × 20 mm, allowing the 1051-8223/$31.00 © 2012 IEEE study of multiple devices per cooldown or pixel arrays of significant size. The scanner positioning accuracy is ∼ 1 μm. The combination of signal averaging, precise timing, small spot size, and precise spot positioning may also prove to be a useful new probe of the detailed dynamics of thermalization in the detectors.
However, along with these very strong qualifications for the job, the optical pulser also has two apparent weaknesses for microcalorimetry testing.
First, the energy deposition physics of a photon that can be delivered to an absorber by a fiber optic is quite different from that of an X-or γ-ray. However, the difference in the energy deposition physics is of little importance if our main goal is to determine pixel-to-pixel variability. It also seems unlikely that the difference in deposition physics will keep us from determining whether or not a new pixel design has a simple calibration shape. However, this assumption must be continuously scrutinized as the data-taking proceeds, as the difference in deposition physics will certainly impact the details of the calibration shape at some level.
The second apparent weakness of the pulser approach is that, at the wavelengths that can be easily delivered by an optical fiber, the reflectivity of the absorber is dependent on both absorber material and surface condition, so the ratio of deposited energy to applied energy will be a function of absorber material and the position of the focused spot on the absorber. We plan to determine this ratio with a thermal power measurement: at low temperatures the absolute power absorbed from the light beam can be determined by comparing the temperature rise or slope change caused by the beam to the temperature rise or slope change caused by an electrical resistance heater located on the same stage as the detector.
II. DESIGN
A. Overview
The optical pulser uses a room-temperature light source for precise and flexible control of the generated pulses. The light source is coupled via optical fiber to the microcalorimeters under study, which are mounted in a pulse-tube cooled cryostat. Fig. 1 shows the pulser components on the 3 K flange and the ADR.
Although for positioning stability we would prefer for both the scanner and the microcalorimeters to be strongly mechanically connected, the heat generated by the scanner (described further below) requires that it be mounted on the 3 K flange of the cryostat, whereas the microcalorimeters must be mounted on the ADR stage.
The cold end of the optical fiber connects to the objective assembly mounted on the XYZ scanner. The objective assembly focuses the beam to a spot about 6 mm distant from the housing of the last lens, and provides continuous in-situ monitoring of the power of both the incident and reflected beams.
The microcalorimeters are mounted on a stage attached to the ADR. In the measurements presented here, the microcalorimeters were housed in a shielded box with small windows to allow the focused spot to reach down to the components inside the shielded box while maintaining a minimum clearance of ∼3 mm between the objective assembly and the outside of the box.
The microcalorimeters used in these measurements have integral SQUIDs [8] - [11] which form the first stage of 2-stage SQUID amplification. The SQUID array amplifiers were mounted at 3 K. Initial pulse testing on prototype detectors is underway and will be described in a future report.
Further detail on each of the major components of the system is given in the subsections below.
B. Light-Source
The pulser can be configured to work with any wavelength that can be delivered via fiber optic. For these measurements we chose to work with 405 nm light for several reasons.
To reduce the amount of stray light, low reflectance of the absorber is desired. Although the reflectance of tin and bismuth is about 70% and relatively constant over the visual spectrum, the reflectance of gold, which has been used as an absorber for magnetic pixels [7] , [13] , decreases sharply below ∼600 nm.
Shorter wavelength also enables us to obtain smaller spotsizes and permits more aggressive IR filtering. We therefore decided on using a 405 nm (Blu-ray) laser diode. Keeping the selected wavelength in the visible regime also allows for visual assessment of local reflectivity variations over the absorber area using a microscope.
A potential disadvantage of using a shorter wavelength is that fewer photons are required to make up a pulse of a given energy. For a single pulse of 100 keV, a lower bound on the energy uncertainty of 0.55%=550 eV is set by Poisson statistics of the 405 nm (3 eV) photons. However, signal averaging removes this limit.
The laser diode is coupled into a single mode fiber with a free-space optical fiber coupler [21] . Free-space coupling allows us to easily insert and remove attenuators into and from the beam. A commercial laser diode driver [22] is used in constant-current mode and offers a modulation bandwidth of 2 MHz.
For good stability of the output power and wavelength, the laser diode is thermally stabilized using a thermoelectric cooler ) and (e) were selected for a long working distance of 9.6 mm (focal length 10.6 mm), but they can easily be swapped out for a shorter focal length to achieve a smaller spot size, at the cost of reducing the working distance. and thermistor readout [21] . We have demonstrated temperature stabilities of about 0.4 mK over a 12 hour period, and fibercoupled optical power stable to about 0.3% for a pig-tailed laser diode.
C. Objective Assembly
The objective assembly is shown in Fig. 2 . Although it would be possible to obtain a small spot size by bringing the fiber into close proximity with the sample, we have chosen instead to build a cold microscope objective to focus the output of the fiber onto the sample. This approach allows us to launch the beam across a macroscopic gap (several millimeters) between the 3 K components of the pulser and the components mounted on the ADR. This reduces the risk of damaging the fiber or the sample, especially in those cases where severe topography is present due to the thick absorbers required for γ-ray microcalorimeters. As shown in Fig. 2 , incident and reflected beam power are monitored in situ by photodiodes (Hamamatsu S2386-18L) that can operate at low temperatures [23] . The entire assembly, shown in Fig. 2 , is small and lightweight enough to be supported from a beam on the XYZ stage with a balancing counterweight.
Each of the three stages in the XYZ scanner [24] generates heat due to both the resistive position readout (est. 2 mW per stage) and in proportion to their velocity, from both mechanical and electrical dissipation (total est. 19 mW for 0.1 mm/s). Because of these heating levels the scanner stack is supported on the lower 3 K flange in our system. A steady-state temperature rise of about 0.1 K is observed on that flange for continuous scanning at a speed of 0.1 mm/s. 
D. Absorbed Power Measurement
Accurate comparison of the response of two pixels, or of a single pixel with itself when it is stimulated at different locations on the absorber, requires accurate knowledge of the absorbed energy. Because our monitor of reflected power only measures that part of the light that reflects back into the objective assembly optics, absorber surface roughness and misalignment will generally make it impossible to deduce absorbed power only from knowledge of incident and reflected power. However, we can determine the absorbed power by measuring temperatures. Fig. 3 shows a schematic of the new microcalorimeter stage being constructed for the next round of pulser measurements. By installing the detectors on a stage connected to the ADR through a thermal link of known conductance, absorbed power can be deduced by comparing the change in the temperature difference across the conductance that results from the optical beam to the change that results from supplying an electrical resistance heater on the detector stage with known power. The miniature "high resolution thermometers" indicated in Fig. 3 are in fact just simple modifications to our magnetic microcalorimeter designs.
III. REFLECTANCE SCANS
The principal new measurements obtained in this initial series of measurements are the reflectance scans, summarized in Fig. 4 . These grayscale images show the ratio of the reflected and incident beams, measured in situ by the photodiodes in the objective assembly. The ratio is taken to eliminate any impact from the output power variation of the diode laser. Bright regions correspond to maximum reflected light, dark regions to minimum reflected light. Images (a)-(c) are of one device, and images (d) and (e) are of another device from the same cooldown of the pulser.
In aggregate, the reflectance scan data obtained show that the cold focusing optics are working well, and that good focus can be found. The focused spot size is small and agrees with the calculated estimate of 3 μm. The beam positioning is precise and reproducible on the 1 μm scale.
IV. SUMMARY
We have described the design, development, and initial testing of a new scanning optical pulser stage for the precise characterization of γ-ray microcalorimeter pixels. Reflectivity scans demonstrate outstanding optical performance with optical Fig. 4 . Optical micrograph, taken at room temperature, and some example reflectance scans taken at low temperature with the new scanning pulser. (a) Optical micrograph taken after this prototype device was bonded. The die size is 2 mm × 3 mm, and the tin absorber blocks are nominally 0.8 mm × 0.8 mm and 0.5 mm tall. (b) Reflectivity scan at 1.3 K made with 9 μm × 9 μm pixel-size, with focus set on the surface of the die. Clearly visible are the wirebonds to the SQUID bond-pads at the bottom and the excitation coil persistence switch bond pads near the top. Variation in the size of the tin blocks on this prototype device is clearly apparent, as well as residual adhesive on the die surface that was not obvious under optical microscopy. (c) Reflectivity scan at 1.3 K (6 μm × 6 μm pixels), with focus set on the top surfaces of the tin blocks. (d) Impact of differential thermal expansion on high-resolution scans. This 1 μm × 1 μm pixel reflectivity scan on a different device in the same cooldown shows a 50 μm-diameter × 1 μm thick dot of sputtered Au:Er centered in the pickup loop of one of our miniature SQUID micro-susceptometer devices. The surrounding spiral is the magnetizing coil. Although the local resolution of this image is quite good, easily resolving the 2 μm spacing between the turns of the spiral coil, this scan was taken while the cryostat was being warmed up, causing the distortion. (e) Another high-resolution scan (1 μm × 1 μm pixels), taken on the same device but under equilibrated temperature conditions. The vertical striping in this image was an artifact of the early data-taking procedures and has since been eliminated. The smallest gap between the "/" and the "1" is about 4 μm and is clearly resolved. This scan demonstrates the precision with which a light pulse can be positioned. resolution better than 3 μm and beam positioning to 1 μm. Continuous in-situ monitoring of incident and reflected beam power at the cold optics allow the creation of high-quality reflectivity scans at low temperature that permit extremely accurate beam placement in spite of the unavoidable misalignment that results from differential thermal contraction and the compliance of the fiber suspension of the ADR. This combination of capabilities, combined further with the timing information that an optical pulser can provide, should also advance the capabilities of the field for probing the position-dependent response of absorbers and the details of thermalization processes in microcalorimeters. Real-world pile-up testing can be targeted with full control over pulse timing to evaluate the performance of pulse processing algorithms. Initial testing of the pulsing capabilities of the scanner, using prototype devices, is currently underway.
